Stearic acid modified tourmaline powder had been investigated to improve the compatibility and dispersed stability between tourmaline and polymer matrix. The experimental results indicated that the activation index was 100% and contact angle reached 120˚ when the ratio of the ore slurry is 5:50, the dosage of stearic acid and p-toluenesulfonic acid is 10% and 0.5% (of tourmaline powder's quantity) respectively with reaction at 80˚C for 6.0 h, and the modified tourmaline exhibited an excellent hydrophobic property. The introduction of stearic groups reduced the reunion of tourmaline particles clearly and improved the dispersivity in polymers, and the amount of negative ions released of modified tourmaline increased obviously for both modified tourmaline powders and its composite with polyamide-66 compared to the unmodified tourmaline. Moreover, the structure of modified tourmaline was also characterized by means of Fourier Transform infrared spectroscopy, X-ray diffraction, thermal gravimetric analysis, scanning electron microscope.
Introduction
Tourmaline is a particular mineral and attracting widespread attentions for its piezoelectric and pyroelectric characteristics since which was discovered by E. Rieche [1] in the early nineteenth century. It also can generate the oxygen ions [2] [3] and far-infrared electromagnetic radiation [4] [5] to benefit human health. If tourmaline can be loaded onto polymeric fibers or other composites, its applications can be further expanded to functional health-care products or special light & electrical functional materials [6] - [8] .
Generally, tourmaline powders and polymers are in poor compatibility due to their different surface properties. The poor dispersity of tourmaline, especially in a non-polar polymer matrix, can always reduce the mechanical properties, and thus leading to low overall performance of the material [9] . Therefore, organic surface modifications are requisite to improve the compatibility and dispersion stability between tourmaline and the polymer-resin matrix [10] . Recently, the organic modification of tourmaline is very active and receiving the attentions of scientists and engineers [11] [12] . Accordingly, some related applications have been advanced, e.g. the far-infrared radiation and negative oxygen ions released functional materials [13] [14] .
In this study, we report our investigation on the reactivity between tourmaline powders and stearic acid, in which the activation index and contact angle are the two major experimental parameters that we concerned on, and the tourmaline/PA-66 composites combined with a polar polymer polyamide-66. The structure of modified tourmaline was characterized, and the amounts of negative ions released by modified tourmaline powders and its composite have been measured quantitatively.
Experimental Procedures

Materials and Instruments
Tourmaline powder with diameters of d 50 1.75 mm and d 97 5.23 mm (purity 98%) was purchased from Yanxin Mineral Company Limited, Hebei, China; stearic acid (analytical reagent) was obtained from West Long Chemical Company; and liquid paraffin (chemical pure), ethanol (analytical reagent), acetone (analytical reagent), toluene (analytical reagent) and p-toluenesulfonic acid (analytical reagent) were purchased from Beijing Chemical Reagent Factory, and polyamide-66 was purchased from Pindingshan Shenma Engineering Plastics Company Limited.
The testing devices included a Perkin Elmer Spectrum 100 Fourier transform infrared (FTIR) spectrometer (Shanghai Company) and a Rigaku D/max-rA 12 kw X-ray diffractometer (XRD) (Japan). Scanning electron microscope (SEM) images were observed on a Hitachi Model S-450 scanning electron microscope, and the DSA100M optical measurement (Zhongchen Digital Technology & Instrument Company, Shanghai) was used for the measurements of the contact angles. Thermal gravimetric analysis (TGA) was analyzed with Q500 Thermogravimetric Analyser (TA instrument Company, American); And the amount of negative ions released were measured on the AIC1000 negative ion concentration tester (Alphalab Company, American).
Experimental Method of Stearic Acid Modified Tourmaline
In a 100 ml three-neck flask, 5 g of super-fine tourmaline powder and stearic acid in 50 ml of toluene was stirred adequately, then p-toluenesulfonic acid was added into flask, reacted at 80˚C for 5 h. The samples were separated by centrifugation, washed three times with ethanol and acetone, and finally dried and ground prior to characterization.
Characterization
The Measurement of Contact Angle
The sample was pressed into a circle using a press, and distilled water was then dripped onto the surface of the sample to evaluate the contact angle using optical measurements. Each value was averaged over three tests.
The Determination of the Activation Index
The activation index of the modified tourmaline was determined according to the HG/T2567 standard (former Ministry of Chemical Industry). In a 100 ml beaker, 1.0 g of modified tourmaline (M 0 ) in 50 ml of water was stirred for 5 min and allowed to stand statically for 5 h. The turbid solution in the middle of the beaker turned clear, and the powders floating on top of the solution were collected, dried and weighed as M 1 . The activation index was calculated as follows:
Activation index H M M 100% = ×
Results and Discussion
The Influence of the Reaction Conditions on the Modification of Tourmaline Powder
The modification effect of tourmaline powder under various conditions such as the quantity of stearic acid and p-toluenesulfonic acid, reaction temperature and time were studied by focusing on the experimental parameters of the activation index and contact angle.
The Influence of the Amount of Stearic Acid
The influence of the amount of stearic acid is shown in Figure 1 . Both curves indicate that the activation index and contact angle of modified tourmaline increase sharply at first and then trend to fall a bit with increasing of the amount of stearic acid, and reached their maximum values when the weight ratios of stearic acid to tourmaline was 0.5:5.
The Influence of the Reaction Temperature
The influence of the reaction temperature is displayed in Figure 2 . The results showed that the activation index and contact angle of modified tourmaline first increase and then decrease quickly with the raise of reaction temperature.
The maximum values appeared at 80˚C. Therefore, the temperature of 80˚C was selected as the optimum reaction temperature.
The Influence of the Reaction Time
The influence of reaction time on the modification of tourmaline is plotted in Figure 3 . The both curves demonstrated that the activation index and contact angle of modified tourmaline first rise rapidly and then drop with prolonging the reaction time, and reach their maximum values at 6 h. Therefore, 6 h was chosen as the optimum reaction time for further experiments. 
The Influence of the Amount of p-Toluenesulfonic Acid
The influence of the amount of p-toluenesulfonic acid on the modification of tourmaline is presented in Figure 4 . Both the activation index and contact angle of the modified tourmaline exhibit similar trends with respect to the amount of p-toluenesulfonic acid and reach their maximum values at 0.5% (of tourmaline powder's quantity). Therefore, 0.5% was selected as the optimal amount of p-toluenesulfonic acid for further experiments.
The Influence of the Mass Ratios of the Ore Slurry
The mass ratios of tourmaline to solvent also have impact on the modification of tourmaline, which is illustrated in Figure 5 . The curves indicated that the activation index and contact angle of the modified tourmaline sharply increase with increasing the amounts of tourmaline before the mass ratio of tourmaline to solvent reaches 5:50. After this point, the activation index and contact angle level off and then decrease with further increases in the mass ratio, because of the reaction efficiency of tourmaline with stearic acid has dropped for stearic acid could not contact with tourmaline sufficiently while the mass ratios of the ore slurry increased. The optimum mass ratio of tourmaline to solvent is therefore 5:50. The activation index of the modified tourmaline is 100% and its contact angle reaches 120˚, which exhibit excellent hydrophobic properties.
The Structural Characterization of Modified Tourmaline
The structure of modified tourmaline was characterized by IR spectra, XRD analysis, SEM images and so on. Figure 6 shows the IR spectra of unmodified and modified tourmaline, in which the unmodified tourmaline [15] exhibits absorption bands at 3560 cm −1 (-OH group), 1270 cm −1 (B-O group) and 978 cm −1 (Si-O group). Compared with Figure 6(a) , the IR spectrum of modified tourmaline (Figure 6(b) ) shows new absorption bands of methyl (2929 cm band exhibits a red shift because of the electric effect of the metal ions on the surface of tourmaline. Other peaks (e.g., the B-O and Si-O bands) are also red shifted for a few wave numbers and broadened. These results indicate that stearic groups were introduced onto the surface of the tourmaline by the reaction of stearic acid with tourmaline powder (Equation (1)), and therefore the hydrophobic properties of tourmaline were improved. 
IR Spectra
XRD Patterns
The XRD patterns of unmodified and modified tourmaline are shown in Figure 7 (a) and Figure 7(b) , respectively. The major peaks of unmodified tourmaline appeared at 2θ angles of 13.8˚, 21.0˚, 22.0˚, 25.5˚, 26.7˚, 30.3˚, 34.7˚, 44.3˚, 47.1˚, 55.3˚, 57.7˚, 61.5˚ and 63.9˚. The major peaks of the modified tourmaline were located at the same 2θ angles with no other phases being detected. These results demonstrate that the modifications of tourmaline with stearic acid only altered the surface properties of tourmaline, and the crystal structure of tourmaline remains unchanged.
SEM Images
The SEM images of unmodified and modified tourmaline are presented in Figure 8 . It is obviously to found some conglomeration in unmodified tourmaline particles (Figure 8(a) ), while no agglomerates were observed in modified tourmaline particles (Figure 8(b) ). These results are attributable to the strong polar surfaces of the tourmaline particles before modification, which enabled the easy conglomeration of the particles. In addition, the surface polarity of the tourmaline was reduced after the organic modification, thereupon the surface energy was depressed, thus the dispersivity of the tourmaline particles was improved. Figure 9 showd the TGA curves of unmodified and modified tourmaline. The TGA curve of modified tourmaline (Figure 9(b) ) exhibits a significantly greater weight loss in the temperature range of 138˚C -380˚C compared with the unmodified tourmaline (Figure 9(a) ). The organic chains introduced onto the surface of tourmaline particles decomposed easily in this temperature range, indicating that stearic acid had reacted with tourmaline resulting in the introduction of the hydrophobic alkyl chain, which also corresponded to the IR analysis. 
TGA Curves
Performance Characterization
The Mensuration of the Negative Ions
The amount of negative ions released from the unmodified and modified tourmaline was listed in Table 1 . From the data in the table, the amount of negative ions released by tourmaline modified with stearic acid is more than 2.69 times greater than that released by the unmodified tourmaline. These results indicate that the surface energy of the organic-modified tourmaline particles was reduced, aggregation of the particles decreased and the surface area of tourmaline particle increased, which resulted in an increased amount of released negative ions.
The Dispersancy of Tourmaline in Polyamide-66 (PA-66)
In order to evaluate the dispersancy of modified tourmaline in a polymer, the composites of modified tourmaline and unmodified tourmaline with polyamide-66 (PA-66) were prepared, and characterized by SEM images and by the detection of the release of negative ions.
1) The preparation of tourmaline/PA-66 composites Tourmaline (5% of PA-66 dosage) was added to a flask that contained PA-66 dissolved in dimethyl sulfoxide (DMSO) and stirred for 40 min at 170˚C. The mixture was cooled and poured into the distilled water with stirred quickly, then filtrated and washed three times with distilled water, dried to get the tourmaline/PA-66 composite.
2) SEM analysis of tourmaline/PA-66 composites Figure 10 indicates that the unmodified tourmaline images display some aggregation matrix in PA-66, whereas the modified tourmaline images show that the sample was homogeneously dispersed in PA-66. The excellent dispersion in PA-66 of modified tourmaline was because that the stearic groups were introduced onto the surface of tourmaline by the reaction of stearic acid with tourmaline powder (Equation (1)), which favored its dispersion in polymer. This result is consistent with the previously discussed experimental results of the activation index and contact angle of modified tourmaline.
3) The examination of amount of negative ions released of tourmaline/PA-66 composites The amount of negative ions released by tourmaline/PA-66 composites is shown in Table 2 . The data in the table reveal that the amount of negative ions released from modified tourmaline/PA-66 composite is obviously beyond that released from the tourmaline/PA-66 composite. These results indicated that the dispersancy of tourmaline was the crucial factor that affects the amount of negative ions released.
Summary
The activation index of modified tourmaline powder can reach 100% when tourmaline-to-solvent mass ratios is 5:50, the dosage of stearic acid and p-toluenesulfonic acid are 10% and 0.5% (of tourmaline powder's quantity) respectively, at 80˚C for 6.0 h. The contact angle of the modified tourmaline is 120˚, which exhibits excellent hydrophobic properties for the modified tourmaline. The experimental results indicated that the stearic groups were introduced onto the surface of tourmaline by transesterification of the hydroxyl groups at the surface of the tourmaline particles with stearic acid, which improved the hydrophobic properties of tourmaline surface while keeping its crystal configuration unchanged, and reduced the reunion of tourmaline particles clearly and improved the dispersivity in polymers. And the amount of negative ions released by modified tourmaline increased obviously for both modified tourmaline powders and its composite with PA-66 compared to the unmodified tourmaline. The results offered an importance to prepare functional tourmaline composites.
